The results of a T213L250 gravity wave (GW) resolving general circulation model (GWR-GCM) are used to constrain the GW source spectra of a non-orographic GW drag parameterization (GWDP) proposed by Hines. In this study, the following two constraints were placed on Hines's GWDP: 1) the launch level at which GW source spectra are specified, and 2) the GW-source spectra, that is, the seasonally varying geographical and azimuthal distribution of GW momentum flux and horizontal wind amplitude. Considering the importance of the lateral propagation of GWs, which is ignored in Hines's GWDP, the GW source spectra are prescribed using information from the GWR-GCM at 70 hPa, where the GWs have already propagated laterally some distance from their source regions. The GW-source spectra have significant geographical variations and anisotropy, reflecting source distribution and the effects of critical level filtering due to the background flows. Although the effects of the lateral propagation and intermittency of GWs are ignored, a T42L80 chemistry coupled climate model using the GWDP with the constraints developed in this study realistically reproduced the meridional structures of the zonal wind jets in the stratosphere and mesosphere.
Introduction
Small-scale gravity waves (GWs) with horizontal wavelengths of tens to hundreds of kilometers are known to play an important role in the general circulation of the middle atmosphere (e.g., Fritts and Alexander 2003) . GWs transport momentum and energy upward from the troposphere into the middle atmosphere, where the deposition of momentum results in the acceleration of large-scale circulations. In the mesosphere, the upper part of the winter westerly jet (polar night jet) and the summer easterly jet are strongly decelerated by this effect, known as gravity wave drag (GWD), which simultaneously induces meridional circulation. Dynamical heating associated with such a meridional circulation is important for the maintenance of the thermal structures in the middle atmosphere, especially for the wintertime polar region, where radiative heating due to sunlight is absent.
The accurate reproduction of such effects of smallscale GWs is therefore particularly important for correctly simulating middle atmosphere zonal wind jets and polar temperatures. However, most existing general circulation models (GCMs) do not have sufficient horizontal resolution to reproduce such small-scale GWs explicitly, necessitating the use of gravity wave drag parameterizations (GWDP) to obtain realistic general circulation (cf., McLandress 1998) .
The effects of quasi-stationary orographic GWs on the general circulation in the troposphere and stratosphere are relatively well understood, so that orographic GWDP are relatively well constrained to give realistic GWD in the GCMs (e.g., McFarlane 1987) .
However, the effects of non-orographic GWs, which generally originate from convection and imbalanced flow associated with jet-front systems and intense cyclones, are not well understood, because their source mechanisms have a wide range of spatio-temporal spectra (Fritts and Alexander 2003) . Although a number of non-orographic GWDP have been developed, all of them need to specify the source spectra of nonorographic GWs at particular launch levels (McLandress 1998) .
There have been a few attempts to identify the constraints of such source spectra of non-orographic GWs using satellite datasets, even though satellite instruments generally observe only narrow spectra of GWs (Alexander 1998) . For example, Ern et al. (2004) estimated the absolute value of the GW momentum flux in the lower stratosphere.
Recently, high-resolution middle atmosphere GCMs that explicitly resolve a certain portion of the GW spectra were developed. Watanabe et al. (2008a) described the general features of a T213L256 gravity wave resolving (GWR) GCM, which has approximate horizontal resolution of 188 km in terms of minimum resolved horizontal wavelength, and a uniform vertical grid spacing of 300 m throughout the middle atmosphere (10 80 km). Meridional structures of the summertime/wintertime zonal wind jets in the middle atmosphere were very well simulated by that model.
In this study, we attempt to derive the source spectra of non-orographic GWs using the results of a GWR-GCM simulation to give realistic constraints on the nonorographic GWDP proposed by Hines (1997a, b) . The GWR-GCM used in this study has T213L250 resolution and extends from the surface to about 85 km. The model is a prototype version of that described by Watanabe et al. (2008a) . In the GWR-GCM simulation, primary meteorological elements, such as horizontal and vertical wind components and temperatures, are saved every hour as hourly averaged values. The simulation was run for one year.
Derivation of gravity wave source spectra and modifications to Hines's GWDP
Hines's GWDP needs to specify the GW source spectra at a particular launch level, which is usually a certain model level in the troposphere or the lower stratosphere. Watanabe et al. (2008a) described the meridional distribution and propagation characteristics of GWs in the T213L256 GWR-GCM, which is almost the same as the GWR-GCM used in this study. According to their results, GWs emitted by non-orographic sources (e.g., imbalance of flow dynamics and convection) are primarily formed near the tropopause and propagate vertically and laterally. These results are consistent with observations. It was also revealed in their study that GWs in the weak wind region in the lower stratosphere propagate laterally to large distances from their source locations. This means that the geographical locations of GW dissipation, where GWDs occur, are generally different from those of GW generation. This issue is important for specifying the launch level in Hines's GWDP, since it ignores lateral propagation of GWs. After several off-line tests described in section 3, it was decided to specify the launch level at 70 hPa, where the GWs have already propagated laterally some distance from their source regions.
The original Hines's GWDP uses the following formula to obtain gravity wave momentum flux at the launch level (Hines 1997b) :
where subscripts i and j denote variables at the launch level and in the j-th azimuth (jMAX = 8 in this study). i denotes the density at the launch level. Horizontal wind variance due to GWs ( 2 ji ) needs to be specified at the launch level. A characteristic wavenumber (k * j ) is considered as a tunable parameter, so that Fji is proportional to k * j . The shape of the m-spectrum is determined by s, and s = 1 is used in this study. An initial cut-off vertical wavenumber (mji ), above which the GW spectrum is assumed to be saturated, is parameterized as follows:
where N denotes the Brunt-V ais al a frequency, and hi denotes the square root of 2 ji averaged for all azimuths. 1 and 2 are called as fudge factors, where 1 = 1.5, and 2 = 0.3 for this study. In summary, the original scheme needs ji and k * j to be specified in order to obtain Fji. When the wave fields in the GWR-GCM are analyzed, it is possible to calculate Fji and ji, directly instead of ji and k * j . Indeed, Fji is an essential variable for the GW momentum budget. Therefore, Fji and ji are simultaneously estimated using results of the GWR-GCM in this study. Thus the interface subroutine of Hines's GWDP has been modified so that k * j is automatically determined so as to satisfy equations (1) and (2). Such a modification has the advantage that an unknown tunable parameter k * j can be eliminated without changing the basic formulation of the original parameterization. For the case study described in the next section, the zonal average of k * j calculated within Hines's GWDP ranges from 2 /(360 km) in the southern winter polar night jet to 2 /(1600 km) near the equator, depending on strength of the mean flow. The latter horizontal wavenumber corresponds to n = 25, although Fji and ji contain n > 43 wave components as will be described below.
The GW source spectra, Fji and ji, are evaluated as follows: 1) The horizontal wind components (u and v), the vertical velocity (w), and the geopotential height (z) of the hourly averaged GWR-GCM data at the launch level (70 hPa) are high-pass filtered with a cut-off total horizontal wavenumber n = 43, so as to extract small-scale wave components which are not resolved by a T42 GCM. 2) The high-pass filtered wave components at grid points corresponding to T213 horizontal resolution are interpolated to grid points of T42 horizontal resolution. 3) A 48-hour running average is subtracted from the time series at each grid point in order to exclude quasi-stationary orographic GWs which should be parameterized using an orographic GWDP scheme. 4) The propagation direction of a GW is determined as = tan 1 (v'w'/u'w'), and the magnitude of the momentum flux is assigned to the nearest azimuth from , so that Fji = i (|u'w'| 2 + |v'w'| 2 ) 1/2 is given at each grid point at each hour. 5) The horizontal wind variance along is calculated as ji at each grid point so that the GW source spectra include those only for upward propagating GWs. 7) Time averages of Fji and ji are taken over a month to obtain the monthly climatology of those GW source spectra.
Step (1) is necessary to avoid double counting wave components, i.e., only n > 43 wave components should be included within the GW source spectra for Hines's GWDP being incorporated into a T42 GCM. In steps (4) and (5), the resultant Fji and ji at each time step are considered as the net contribution of GW spectra, which contain several GWs having their own wave momentum fluxes and propagation directions. This estimate of Fji and ji corresponds to the lower bound for these values associated with individual GWs.
Off-line test of Hines's GWDP
An off-line comparison test of Hines's GWDP employing the n > 43 GW source spectra derived in the previous section is performed to investigate the capability and limitations of this parameterization, comparing zonal mean distributions of zonal momentum flux and GWD between Hines's GWDP and the GWR-GCM (n > 43 waves). Such distributions will become similar to each other if Hines's GWDP well captures the behavior of the GWs simulated by the GWR-GCM. Background wind and static stability used in Hines's GWDP are derived by extracting n = 0 to 42 fields of the GWR-GCM. After several preliminary tests, it was decided to use time-varying background fields with a time interval of 1 hour for the off-line experiment. Therefore, the background fields for n > 43 parameterized GWs in Hi nes's GWDP and n > 43 resolved GWs in the GWR-GCM are very similar to each other. The 8-day period beginning at the boreal summer solstice (21 28 June) is presented in this case study, while the southern hemisphere polar night jet is well established. Figure 1 shows the GW source spectra averaged over the 21 28 June period, which have been derived from the GWR-GCM at the 70 hPa level and are input at the same level of the Hines's GWDP. Figure 2 shows the net vertical flux of zonal momentum at 70 hPa, as well as the background zonal wind. The Fji and ji show significant anisotropy almost everywhere. The directions of wave propagation are mostly opposite the background large-scale wind flow. Eastward propagating GWs are dominant in an easterly wind region associated with the Indian summer monsoon circulation, where strong convection frequently occurs. Westward propagating GWs are dominant at the mid-latitudes of the Southern Hemisphere, where strong GW activity is seen along the storm tracks. Momentum fluxes due to orographic GWs over Antarctica and the South Andes are difficult to separate from the non-orographic GWs, because they have a wave structure that varies with time (Watanabe et al. 2006) . Figures 3a and 3b show the meridional crosssections of the zonal mean net vertical flux of zonal momentum in the GWR-GCM and Hines's GWDP. There is too much momentum flux above the dominant source locations for Hines's GWDP. The negative large momentum flux near 47°S in Hines's GWDP is almost conserved up to about 0.3 hPa. On the other hand, the results for the GWR-GCM show a poleward inclined structure of the negative momentum flux within the southern hemisphere polar vortex. This indicates a dominance of the GWs that originated near the midlatitude storm tracks, which propagate upward, poleward, and westward relative to the mean westerly winds (Figs. 1 and 2) . As the time-averaged azimuthal distribution of Fji in Fig. 1a suggests, the ensemble of individual non-orographic GWs simulated in the GWR-GCM has dispersive features, spreading the momentum horizontally and vertically away from the source locations (Watanabe et al. 2008a ). This effect partly explains the rapid decrease in the momentum flux above the dominant source regions, compared to those in Hines's GWDP. The intermittency of GWs is an important issue that needs to be considered in the near future, while it is not included in the present source spectra for Hines's GWDP. Finally, a certain part of the disagreement in the momentum flux distribution can be attributed to differences in dissipation processes of GWs represented in the GWR-GCM and Hines's GWDP.
Figures 4a and 4b show the meridional crosssections of the zonal mean zonal GWD that is given by the vertical divergence of the momentum flux given in Figs. 3a and 3b . The GWD calculated using Hines's GWDP is overestimated compared with the GWR-GCM. In order to obtain similar strength and vertical distribution of GWD to those in the GWR-GCM, the momentum flux input at the launch level (Fji) needs to be decreased to about 30% of the original value displayed in Fig. 1a , and the rms horizontal wind fluctuation ( ji) needs to be doubled (results not shown). The latter tuning was required to lower the altitudes where dissipation of GWs started.
T42L80 CCM simulation with the constrained Hines's GWDP
The constrained Hines's GWDP has been incorporated into a T42L80 chemistry-coupled climate model (CCM), which is the atmospheric component of an integrated earth system model developed by this research group (Kawamiya et al. 2005; Watanabe et al. 2008b ). Watanabe et al. (2008b) described the detailed experimental settings for the present T42L80 CCM simulation. The CCM implements all the required chemistry for the troposphere and stratosphere. The simulation was conducted under pre-industrial conditions, that is, ozone depleting substances were not included. The results of the T213L256 GWR-GCM simulation described by Watanabe et al. (2008a) and the T42L80 CCM simulation described by Watanabe et al. (2008b) are compared to show the capability and limitation of the constrained Hines's GWDP. Figure 5 shows the mean July zonal mean zonal winds and temperatures in the T213L256 GWR-GCM, the observed values, and the T42L80 CCM employing the constrained Hines's GWDP. The T42L80 CCM reproduces well the meridional structure of the zonal wind jets in the stratosphere and mesosphere, which is very similar to the results of the GWR-GCM and the observations. In particular, the location of the core of the polar night jet is accurately simulated. The thermal structures in the stratosphere and mesosphere are also realistically simulated by the T42L80 CCM. The most prominent difference between the GWR-GCM and T42L80 CCM occurs near 60 70°S in the mesosphere, where Hines's GWDP underestimates the GWD (not shown). The performance of the constrained Hines's GWDP is likely promising, comparing to the earlier results obtained without using such constraints (e.g., McLandress 1998).
Conclusions
The results of the GWR-GCM were used to give detailed constraints on Hines's GWDP, including: 1) The launch level, which was determined to be the 70 hPa level, where dominant GWs propagate laterally some distance from their source locations; and 2) the GW source spectra, that is, the seasonally-varying geographical and azimuthal distribution of the GW momentum flux and horizontal wind amplitude. The strength and vertical distribution of GWDs as calculated by Hines's GWDP were constrained based on the results of off-line comparison experiments with the GWR-GCM simulation.
Despite a lack of the lateral propagation and intermittency of GWs, the T42L80 CCM using the constrained Hines's GWDP developed in this paper realistically reproduced the zonal wind jet structures in the stratosphere and mesosphere, as well as the thermal structures.
Future work will be focused on extending this study to compare GW source spectra obtained from the GWR-GCM simulation with those estimated using satellite data sets. This will provide useful constraints for many different GWDPs.
